| 7

|

| \

.f A D
i \ Q

Al e Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY

X-CEL.:

eXtreme fast charge
Cell

Evaluation of
Lithium -1on batteries

July 2018

Report PeriodJanuaryJune2018

5o
CE}"; , ldaho National Loboratory 9 N R E L



Table of Contents

PrOJECT OVEBIVIEW. ...ttt ettt e em e e e o4 ookttt e e e e e e e e ks e e easb b be e e e e e e e s nnbbeeeeeeemmmea e e s e nneees 3
ANL: CAMP Facility Electrode and Cell Development for Fast Charge...............cooviveeevvveevvveeeeen, 4
Multi-scale Modeling of Battery Extreme Fast Charging (National Renewable Energy Laborator§p
ANL Modeling: Electrochemical and Techiiwonomic (BatPaC)..............uuvvvrererriimmmriasnnenninnnnnnnnnns 17
XFC: Performance CharacterizatiorddPoStTest ANalYSiS...........ueeiiiiiiiiiiiiieeeiiiiee e 22
Extreme Fast Charging R&D: Battery Testing Activities (Idaho National Laboratory).................. 33



Project Overview

Venkat Srinivasan Pl (Argonne National Laboratory) and Samuel Gillard (Department of Energy)

DOE-EERE has identified fast charge as a critical challengasaring mass adoption of electric vehicles
with a goal of 1&min recharge timePresent day high energy cells wiffaphite anodes and transition metal
cathodes in a liquid electrolytee unable to achieve thidthout negatively effecting battery perfoance

There are numerous challenges that limit such extreme fast charging at the cell level, including Li plating,
rapid temperature rise, and possible particle crackighese, Li plating is thought to be the primary culprit.
This project aims to gaian understanding of the main limitations during fast charge using a combined
approach involving cell builds, testing under various conditions, characterization, and continuum scale
mathematical modelindgxpertise from three National Labs are utilizednake progress in the project.

Cells are built at the Cell Analysis, Modeling, and Prototyping (CAMP) facility at Argonne National Lab
(ANL) using various carbons, different cell designs, in both-&elifand full cell configuration and with

reference @ctrodesCells are tested at both Idaho National Lab (INL) and ANL under various operating
conditions (erate, temperature) and under different charging protocols with the aim of identifying the onset of
plating, to quantify the extent of the problem, éamdetermine parameters and test data for mathematical
models.Tested cells are opened and various advanced characterizing performed at ANL to determine the
extent of plating and to determine if other failure models, such aslparicking, also play @le.

A critical part of the project is the use of continuum scale mathematical models to understand the limitations at
high charge rates and therefore suggest possible solutions that can be patuedcrescale approaches

and microstructurasedsimulations are pursued and serve to complement each Mémomodeling at

National Renewable Energy Lab (NREL) is used to test cell designs, accompanied by microstructure models to
provide deeper insights into the phenomenon in the bafikiy.is compemented with development of models
incorporating of new physics, such as phatsgnge and SEI growth, at ANL.

Finally, two exploratory projects aim to study ways to deteat kituduring operationNREL will pursue the
use of microcalorimetry to detieleseat signatures during platinlL will work with Princeton Universityto
examine the use of acoustic methods to determine if plating leadgtmatuse in the acoustic signal.

Over the last two quarters the research teams have strengthened Hwatiia and synergies between the

modeling and experimental efforts are being exploited to further the understanding of the impact of fast charge
on performance. It is clear that low loading cells (2 mAR)show excellent cycling capability, althoudtist

does not necessary mean that a certain amount of Li plating does not occur. However, increasing the loading

to 3 mAh/cni leads to larger variation in performance, with some ells shows good cycling capability, while

others show rapid fadélhese rests are largely consistent with the modeling predictions that show similar
loadingLi plating relation, resulting from the large polarization within the anode and the reaction distribution

that isincreasingly critical as loading increaségodeling preditions also show that reduced tortuosity

electrodes can help alleviate the Li plating issue. However, a deeper analysis of the parameters that are used in
the model, especially the diffusion coefficient is needed in order to ensure accurate predictions.



ANL CAMP Facilityelectrodeand Cell Development for Fast Charge

Alison Dunlop,Andrew JansenPl), Bryant Polzin, and Steve Trask (Argonne National Laboratory)

Background

In this fir sCell Anaysis, Moselirg fahddrototypinGAVB)Faci | it yés objecti v
develop experimental electrodes that will be used to identify causes of lithium plating at fast charges in single

layer pouch cells=arlier work at Argonne bé¢sallagher et al. [1had studied the influence of capacity loading

on material utilization at various discharge rates. This work also touched on the effect of charge rate on

capacity retention and lithium plating, which is summarized in Figufédse singldayer pouch cells were

originally charged for 285 cycles at &QCate, after which the charge rate was increased to C/1 (followed by

trickle charging to 4.2 V) up to 549 cycles, and for the surviving cells, the charge rate was further increased to

1.5C. The discharge rate was held at C/3 rate in all cases to rdmabvai¢ as a variablAs can be seen in

Figure 1, it is clear that the electrodes with loadings higher than ~3 mAh/cm? could notagbi@ige rate

higher than C/1.
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Figure 1. Discharge capacity as a function of electrode loading (mAh/cm?) and ctergte (left) and photos of lithium
deposits on representative graphite electrodes (right). These results were obtained with capauiyched cells using
graphite negative electrodes and LiblsMno.2Cw.202 (NMC622) positive electrodes.

Evidence of lithiun plating was sought for these cells by disassembling representative cells in a dry room after
a 24h voltage hold at 3.75 V and then washing with dimethyl carbonate. As expected, cells with the largest
capacity fade exhibited the most lithium depositsaasbe seen in Figure Surprisingly, fully discharging

one of the 4.4 mAh/cm2 cells at a low rate before disassembly did not remove the lithium deposits from the
negative electrode surface, which suggests that the lithium deposits becomes electilizt/ fiom the

graphite electrode.

The goal of the work now is to determine the influence of graphite selection on fast charge capability, at an
even faster rate of 6C. Initial expectations are that the physical properties of the graphite partiles in th
negative electrode will affect the onset of lithium dendrites. These properties include the surface area, particle
size, size distribution, surface coatings/modifications, and source of graghiteatural graphite versus

artificial graphite. Th&CAMP Facility has a range of graphip@wdes suitable for this studhat can provide

a basis of comparison for these propertgdeast four different graphiteowders will be made intoegative
electrods and evaluated for fast charge performance agaisttndard NMC532 positive electrode. This



screening test will be performed in coin cells. Thestlperforming graphiteaterial will then be used in
singlesided singldayer pouch cell builds and delivered to battery testing labs in this program fpletem
electrochemical characterization under fast charge conditions.

A secondsinglesided singldayer pouch celbuild will be performedased on the preliminary results of the
coin-cell graphite screening results and the first pouch cell build. Teémdecell build will either use a

different graphite or a higher electrode mass loading (thicker). These pouch cells will also be delivered to the
battery test labs for evaluation and analysis.

Results

Prescreening of Available Graphite Powders

Table 1lists the available properties for the graphite powders selected in the prescreening tests initiated at the
start of this fiscal year. Since sever al of these p
Electrode Library, it was decidedtoee¥ uat e t hese materials using the Lib
2 mAh/cm? against capaciyatched NMC532 positive electrodes also in the Library. The n:p ratios were

~1.1 to 1.2Graphite materials not in the Electrode Library were designed andgdedeht the same capacity

loading (and added to the Library).

Tablel: Graphite powdersselectedto elucidate causes of lithium plating during fast charges.

Particle Particle  Particle

Trade Pariigle Tap S Size Size Size
Name ~ COmPANy . Type  shapeor  Densly. AA b, pso, Do,
(um] [m] [m]
Superior  coated, natural spherical
SLC1506T* per . graphite 1.03 1.936 5.37 8.06 13.15
Graphite graphite
powder
Superior  coated, natural e
SLC1520P per o graphite 1.19 0.89 11.03 16.94 26.76
Graphite graphite
powder
artificial
graphite,
MagE3 Hitachi combines hard 0.90 3.9 - 22.4 -
graphite
additive
Atrtificial,
Mesocarbon MesoCarbon
MCMB Gelon Microbeads - 1.324 2.022 17.649
MicroBeads
standard type
G15
natural
Phillips graphite core
CPGA12 66 coated with potato = 2t0 4 = 9to 12 -
surface
treatment



Trade Particle Tap Surface
Name Company Type shape or Density, Area,
morphology  [g/mL] [m2/g]
Artificial
Graphite High
BTRBFC BTR Energy Fast TBD 0.770  2.487
10 Charge
[Targray
SPGPT805]

Particle
Size
D10,
[um]

6.539

Particle
Size
D50,
[um]

11.196

Particle
Size
D90,
[um]

18.891

Coin cells were assembled with 14 mm diameter cathodes and thameter anodes using Celgard 2320

separator (20 um, PP/PE/PP) and Tomiyama 1.2 MdiiPF E C: EMC

(3:7

wt %)

fGen2o

duplicate coircells were made for each graphite. The coin cells were then cycled3dttee4.1Vwindow

with 3 formatian cycles at C/10w/ C/20 tickle charge), followed by 250 cycles of fast charging at 6C with
trickle charge down to C/5 until a maximum charge time of 10 minutes was reached, with C/2 discharges.
2 minute open circuit rests were used between charge seltbdge steps. This profile was repeated until

<80% of the capacity measured at th& ¢fkle remained.

At this relatively low loading, all of the graphite materials in Table 1 were able to cycle under a 6C charge rate
for 750 cycles, at which poitihey were removed from testing and given to the-Pest Facility for tear down

and inspection. A comparative summary of their capacity over cycling is best illustrated inZ-ighieh is

the average of the cells (with standard deviations) for eaghitgaThis data was also analyzed in terms of
capacity retention, and is summarized in Table 2. Cycle 10 seabsas theommon cycle in normalizing this

data, which is a point where the majority of cells were considered to be stabilized. Surprisarjhyalheells

have reached 750 cycles wRh % capacity retentio few conclusions can be postulated here based on this
data, namely: 1) theselscted graphites are statistically similathas relatively low capacity loading
(2 mAh/cm?);2) the diference between natural graphite and synthetic graphite is not significant; and

3) SLC1506T graphite and MCMB graphite appear to have higher capacity utilization compared to the other
graphite materials. Although it should be pointed out that none of ¢étexteodes were designed for fast
charging. It remains to be seen if these observations hold true at higher capacity loadings. A decision was
made in January (2018) to use the SLC1506T graphite from Superior Graphite for the first pouch cell build
deliverale in order to meet the deadline for delivery of these pouch cells to the battery testing labs.

e
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Figure 2 Discharge capacity retention for the graphite materials selected in the caiell prescreening study under 6C
charge and C/2 discharge between 3 4.1 V at 30°C (anode capacity of 2 mAh/cm2)+cycler issue

Table-2: Summary of capacity retention forselected graphites and binders in prescreening task.
(Discharge Capacity Retention is based on the 10th cycle (6C Chg, C/2 Dchg))

Average Discharge Capacity Retention (%)

; Coating ¢ cycle 750  # of Cells in =
Graphite Type EEITE (%) Average at Cycle 750
(mg/cm?) (%)

Superior Graphite 1520P 6.3 78.5 % 4 3.22
Superior Graphite 1506T 6.4 80.9 % 3 2.12
Hitachi MAGE3 with PVDF 6.4 81.1 % 4 4.34
Hitachi MAGE3 with CMC-SBR 6.3 84.9 % 3 3.06
Gelon MCMB 6.4 87.3 % 5 5.61
CPG A12 6.1 79.7 % 3 4.77
BTR BFC-10 72 80.5 % 4 0.22

Earlier work [1] that addressed the effects of capacity loading on rate performance had indicated that cathode
capacity loadigs above 2 mAh/cm? experienced lithium plating at charge rates as low as 1.5C. This appeared
to be in conflict with the observations from the early prescreening results obtained at the beginning of this
fiscal year. One difference noted was that the iddest in reference [1] were made by an outside vendor using
an agqueous CMGBR binder, while the CAMP Facility electrodes use a NddBed PVDF binder. To test the
binder effect, the CAMP Facility remade the MAE3 graphite electrode using a CMBBR binderThis

electrode was then tested at the 6C charge rate in the same manner as the prescreening graphite materials



presented in Figure 2 above. The results of this binder comparison are presented in Figure 3, where one can
conclude that there is no signifi¢adifference in the capacity fade rate for either binder system. Although, the
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Figure 3. Discharge capacitfor the MAGE3 graphite using CMGSBR binderversusNMPbased PVDF binder in the coicell
prescreening study under 6C charge and C/2 dischardeetween 3 8 4.1 V at 30°C (2 mAh/cm?).

behavior of the CMESBR cells seem to behave in a better predicable manner. Representative cells from each
of these cell sets was opened in a glove box and inspected for signs of plating, which is shown in tiie insets
Figure 3. There were clear signs of lithium plating near the perimeter of the graphite electrode in the cell with

PVDF binder, while there was onl y-SBRcédll.iThgehnfluertdhoh | 0 0 n e ¢

binder type should be exploreatér in cells with higher capacity loadings.

Coin-cell GITT Sudy

Lithium-ion diffusion coefficients through these different graphite materials is needed to accurately model the
electrochemical processes taking place during fast charges. One of tmethests to obtain these

coefficients is obtained via the Galvanic Interruption Titration Technique (GITT). The CAMP Facility is
providing 15 duplicatecoioc el | s f or each of the graphite material s
Bloom). The resu# of this orgoing study are presented in the EADL report. The coin cells were assembled

with 15mm diametegraphite electrodes and 15r6n diametetithium metal counter electrodesing

Celgard 2325 separator (Rfn, PP/PE/PP) and Tomiyama 1.2 MLIPR6i EC: EMC ( 3: 7 wt %) fAGe
electrolyte No formation cycles or other cycles were applied to these coin cells so that the EADL could

capture the first lithiation electrochemical response. The cells were delivered to EADL and put on test within a

few hours ofassembly to minimize corrosion of the copper current collector. The list of graphitesisin ¢

produced for this GITT study so far aMCMB (A-A010), delivered 10/25/17SLC1506T (AA015),

delivered 12/18/17SLC1520P (AAO05A), delivered 12/19/17andMAG-E3 (A-A016), delivered2/22/18
TheBTR-BFC-10andA12 graphite cells will be produced later if needed.

Round 1 Pouch Cell &liverables (Singlesided Singldayer)

Pouch cells were assembled with 14.1 cm? sisgled cathodes (0.145 grams of NBB2 per pouch ce)land

14.9cm2 singlesidedgraphiteanodegSLC1506T from Superior Graphite) using Celgard 2320 separator (20

pm, PP/PE/PP) and 0.5 mL of Tomiyama 1.2 MliPFh EC: EMC (3: 7 wt %) fAGen20 el

[



is betweerl.12 to 1.2Zor this voltage window (3.0 to 4.1)VAfter assembly, the pouch cells underwent
formation cycles at ~4 psi in the 3.0 to 4.1 V window as folldwsY tap charge and hofdr 15 mirutes
followed by a 12 hour rest, and then 3 cycles at C/10, followed pgl8scat C/2. The cells were then brought
to a safe state of charge by constant voltage chargi®$ ¥ofor 6 hours, and then degassadd prepared for
shipping/delivery to the battery test labs. A nominal C/3 capacity ofA®was recommend for fututess.

INL requested0 of these pouch celfer testing These 30 cells were receivedML the week 02/13/18
Argonneds E A Ddf thesepquetecsllis ferdestifrgf-ebruary. These 16 cells were delivered to

Argonneon 2/1318in 4 test fixtures at ~4 pshn additional 16 pouch cells were assembled and kept dry (no
electrolyte) for Argonneb6s EADL for future rounds of
electrolyte and electrochemically formed by the CAMPIlFa@nd delivered to EADL on 5/17/18.

In addition, NREL requested 4 of these pouch cell s f
cells for micrecalorimetry studies. They also requested 2 dry pouch cells and several punched pristine anodes

and cathodes that are used in the pouch cells. All of these cells and electrodes were shipped to NREL at the

end of February. NREL also requestegraphite (SLC1506T) hatfell pouchcells and4 NMC532 halfcell

pouchcells, which were assembled with electrolyte (dry) and shipped to NREL the week of 5/28/18.

Round 2 Pouch Cell &liverables (Singlesided Singldayer)

Several options were available in designing the second pouch cell build. These options included changing the
graphite, binder, and electrode capacity loading. Since the results from designing the first cell build indicated
that the choice of graphite anohter were not the dominant driving factor in the fast charge performance, it

was decided to focus on increasing the electrode capacity loAdimgthe 1st pouch cell builda quick

screeningvas performed to determine an electrode loading that woelld gt least a few hundred fast charge
cycles. The CAMP Facility searched through their available electrodes with varying electrode loadings to find
suitable capacitynatched anodeathode pairs. Four sets of matched A12 Graphite versus NMC532 were

found with nominal loadings of 1.5, 3.0, 4.5, and 5.5 mAh/cmz2. Coin cells were made with these electrodes and
formed at C/10 rate, after which, they were subjected to several 6C charges. It was quite clear from the
resulting capacity utilizations that cathodecéiede loadings above ~2.5 mAh/cm? were not able to charge at a
true 6C rate. (This data was shown at the recent-BEEEVTO Annual Merit Review in June.) Thus, it was
decided that the"2pouch cell build would use a graphite electrode loading of 3.0/on#%husing the same

graphite 6LC1506Tfrom Superior Graphideand PVDF binder.

Singlesided anode and cathode electrodes were then made with capacity loading of 3.0 and 2.7 mAh/cmz,
respectively; the n:p ratios weted7 to 1.16Coin cells were asserdd with 14 mm diameter cathodes and

15mm diameter anodes using Celgard 2320 separator (20 um, PP/PE/PP) and Tomiyama 1¢4rM LiPF

EC: EMC (3:7 wt %) AGen20 etleveetemade gnttbencyBladin@tor epl i cat ¢
4.1V window with 3formation cycles at C/1GW C/20 tickle charge) followed by 3 cycles at C/2 (w/ C/1

trickle charge) After which, 4 of these cells were cycled at a 4C rate and the remaining four were cycled at a

6C rate with trickle charge down to C/5 until a maximeimarge time of 15 or 10 minutes, respectively, was

reached, with C/2 discharges and 2 minute open circuit rests between charge and discharge steps, for

250cycles (with 3 cycles at C/2 in between). This profile is repeated until <80% of the capaatyred at

the 10" cycle remained.

Figure 4 is a summary of thé®Round coin cells compared to th&Round coin cellswhile at first it

appears that the higher capacity loading coin celfsR@und) are able to achieve 600 cycles at a 6C rage, it
apparent that these cells did not perform equally, unlikestfolind coin cells which show little ceb-cell

variance in capacity over cycles. Several of tHeRBund coin cells failed early on and were removed from the
figure. In addition, not¢éhe large loss of capacity utilization between the cells charged at the 6C rate versus the
4C rate. It will be interesting to see if th& Round pouch cells exhibit similar behavior.
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Figure 4. Discharge capacities for then2 Round coin cells (Purplend Blue) compared to the £ Round coin cells (Green)
cycled under 6C (and 4C) charge rates (Superior Graphite SLC1506T vs. NMC532).

Pouch cells were assembled with 14.1 cm? sisgled cathodes @36grams of NMG32 per pouch cgliand

14.9cm? singlesidedgraphiteanode{SLC1506T from Superior Graphite) using Celgard 2320 separator

(20 um, PP/PE/PP) ar@l615mL of Tomiyama 1.2 MLiPFi n EC: EMC ( 3: 7 wt féldan " Gen 20
electrolyteto-porevolume factor of 4.20The n:p ratio is betweeh07 to 1.16for this voltage window (3.0 to

4.1 V). After assembly, the pouch cells underwent formation cycles at ~4 psi in the 3.0 to 4.1 V window as

follows: 1.5V tap charge and holdr 15 mirutes followed by a 12 hour rest, and then 3 cycles at C/10,

followed by 3 cycles at C/2. The cells were then brought to a safe state of charge by constant voltage charging

to 3.5V for 6 hours, and then degassadd prepared for shipping/delivery to the battest labs. A nominal

C/2 capacity of 32nAh was recommend for fututess. A plot of the discharge capacities during the

formation cycles applied to the 24 pouch cells delivered to INL is shown in Figure 5.

10
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Figure 5. Discharge capacities from forman cycles for 24 singlesided singlelayer 2d Round pouch cells (Superior
Graphite SLC1506T vs. NMC532) delivered to INL.

INL requested 24 of the"®Round pouch cellfor testing These 24 cells were receivedML the week of
6/18918.Ar g 0 n n e dexyuesiedl DEf the2¥ Roundpouch cells for testingt a later date in July. In

addition, NREL requested 4 of th&* R o u n d

pouch cells fully for med

calorimetry studies, which were received at NREL the week of B818hey also requested 4 dry pouch cells
and several punched pristine anodes and cathodes that are used in the pouch 4gjiaphitd (SLC1506T)
half-cell pouchcells andd NMC532 halfcell pouchcells. These electrodes and cells will be assembléd an

shipped in July/August time frame.

Conclusions

Six different

graphite

negat i Blestoodelibeary éor fasicharges n

prescreening and GITT study in caialls Surprisingly similar fade rasewereobserved athe 6C charge for
manyof thesegraphitemateriak. All of the selected graphites were able to achieve 750 cycles with 80%
capacity retention. A decision was made early in the prescreening study to UsD8LGraphite from
Superior Graphite fathefirst singlesided singldayer pouckcell buildusing a2 mAh/cmz2 graphite loading

CMC-SBR vs. PVDF bindeshowed little difference at the 2 mAh/cm2 graphite loading.

Over 70 singlesided singldayer pouch cells were fabricated and delivered to lab parftiélL, ANL, and
NREL) for fast charge testing with aaommendd 19 mAhcapacity at th€/3 rate Half-cell pouchcells
were alsalesigned, fabricated, and delivered to NREL

Prescreening of anog®thode pairs with varying electrode capacity loadhidicated that loadings over
~2.5mAh/cm2 were not able to charge at a true 6C rate. Thus!tR®eand pouch cell build was designed
with a graphite loading of 3.0 mAdth2 24 of these 2nd Round pouch cells were delivered to INL and 4 were

delivered to NREL.16 2R o u n d
future.

pouch cell s wildl be formed and

11

S

mi

from

del

t

f



Milestones and Deliverables

Status of tasks this quarter and beyond:

B1000 Select candidate materials for first cell builds 9/1/2017- 11/15/2017 Completed
B1010 Deliver all known characterization information to NREL
modeling team foselected graphite candidates 11/1/2017- 1/31/2018 Completed
B1020 Workshop on lithium plating detection 12/6/2017-12/6/2017 Completed
B1030 Build and deliver first debuilds to ANL/INL test lab 1/1/2018- 2/28/2018 Completed
B1040 Second cell builds(singséded, single layer) 3/15/2018 4/27/2018 Delayed 4 wk
References
1. A"Optimizing Areal Capacities t hr eiuognh BJnedcetrrsotdaensdoi,n g

G. Gallagher, Stephen E. Trask, Christoph Bauer, Thomas Woehrle, Simon F. Lux, Matthias Tschech,
Bryant J. Polzin, Seungbum Ha, Brandon Long, Qingliu Wantjan Lu, Dennis W. Dees, and Andrew
N. JansenJournal of The Electrochemical Socidi§32), A138A149 (2016).

Multi-scale Modeling of Battery Extreme Fast Charging (National Renewable Energy
Laboratory)

Matthew Keyser, Kandler Smith, Shriram Santhaagopalan, Francois Ussegliviretta, and Andrew
Colclasure (NREL)

Background

To understand fundamentalian cell limitations from transport/kinetic losses during extreme fast charging

(XFC), NRELIis performingcharacterization and modeling studies of graphite/NMC532. Géiks studies are
basedonelectrodésa br i cat ed at Argonne National Laboratoryods
Prototyping (CAMP) facility. The cells use 6 different graphaeiantsfrom multiple vendorsTomographic

imaging, followed by ricrostructure analysiwas performedio estimate the tortuosity of the various graphite
electrodesWe find experimentally observed fadtarge performance differences across the graphite variants

is largely explained by the different tortuosities quantified by the microstructure mbdeilsosityis found to

be a strong function of graphite particle morphology and, for thesnprh e r i ¢ a | particles, the
directional alignment. Alignment of gagles in the electrode iplane direction is detrimental to performance.

Initial 3D electrochemical microstructure model results quantify heterogeneous utilization of the graphite

electrode and reduction of tortuosity when straight pore channels aguggbinto an electrode. Lastly, a
macrahomogeneous model is used to explore the electrode design space with respect to fast charge

performance and onset of Li plating. The model results are helping guide experimental studies and quantify
tradeoffs in diferent electrode design pathways to enable XFC.

Results
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Microstructure characterization 9
The tortuosity factotJdenotes the effect of the O NMCUC
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lithium-ion transport in the electrolyte phase. It relate & XFC GrphiteC
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homogenous model with the electrolyte bulk diffusior
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Through-plane tortuosity factor 7

It is also related with the Bruggeman exporrgas 3 W
t - . Typically, a Bruggeman exponent of 1.5 ha NMC532 weoaee e o
been used throughOUt the Iiterature' WhICh Correspor (%.32 0.34 0.36 038 0.4 042 044 046 048 0.5 0.52

to the theoretical value for an electrode packed with Porosity from receipe calculation

identically sized nofverlapping spheres present in a

low volume_fraqtion (.., high porosity). Sushlnpli-fied Figurel. Tortuosity factorsof NMC532, A12 graphite
representation is not adequéde actual systems with and XFC graphite as a function of porosity. UC (C)
complexactive material morphologjow porosity and stands for uncalendered (calendered) electrodes.

with an inertcarbonbinder domain (CBDpartially

blocking the pored-igure 1 shows tortuosity factors obtained for a set of (i)sitipe NMC532electrodesin

blue, (i) 7 negative A12 graphitdectrodesin red, and (iii) 4 negative graphiédectrodespecifically
evaluatedor XFC, in magenta. These tortuosity values have been estimated following a homogenization
calculation, whth consist of solving the steadgtate diffusion problem within the threlémensional

electrolyte connected networhose geometry was imag#uaough Xray tomographyAs tomography was
unable to distinguisBD from the porgphase, CBD geometry was instenumerically generated by Purdue
University/Prof. Partha Mukherjee according to a phys&sed algorithm. Calendered electrodes (noted C,
with filled markers) exhibit higher tortuosity factors compared with the uncalendered electrodes (noted UC,
with urfilled markers) which is explained by the difference in porosity as Bruggeman relationships provide
accurate correlations (dotted lines). Howeeaghelectrode type shassignificant different tortuosity factors

for similar porosities which denote intsic morphology differences exist between the three of them.

To quantify particle morphology and relate it with the tortuosity factor, 4rouse discrete particle size
algorithmwas usedo identify each particle and quantifg shapeand orientationFgure 2 plots the tortuosity
factor as a function of the mean particle elongaitiathe electrode¢hroughplane dimension over the mean in
plane dimensionAll electrodeshare ainique correlationvith particle elongationThus, the reduced
tortuosity fa SLC and MCMB graphitesompared with the A12 graphii®due to reduced particle elongation
Indeed, this result indicates an efficient way to improve transport property witticcegisinghe porosityis to
increag particlesphericity Correlation of értuosity with microstructure geometry will be refined as new
tomography volumes become available in the future. Another way investigated to improve the teanespyrt
density tradeoff consists in introducing geometric features in the pore networkeg=gjghows the impact of a
dual pore network made of straight pore channels over the initial pore network on the tortuosity factor for a
A12 graphite Introduction of a straight channelgarticularly appealindor this graphitedue to the particlés
largest dimension being aligned within theglane (blocking thus the througitane diffusion). These
additional channels have enhanced the thrqaighe tortuosity-31%) for a limited cost of energy density
(-4.5%) For reference, energy density would néee reduced by 25% to achieve this same tortuosity
improvement through the traditional method of increasing electrode pofagitiier workis required to
optimizepore channgbarameterso consider tradeffs in energy density, rate capability, and
manufacturability.
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Figure2. Tortuosity factorsof
NMC532, A12 graphite and
XFC graphite as a function of
solid particle elongation.
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Figure3. Dual pore network used to reduce

the tortuosity. CBD is not considered. Insert

is the pore size, scaled witttolor, showing
the 5x5 straight channels.
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Experimentally determined particle size (BET and laser diffraction, from NREEls Parenthave been

compared with the values obtained from the microstructure characterization. While a good match has been
found for the NMC mean diameter with the laser diffraction technique, the latter provides unrealistic large
particle size for the graphites, possibly due to particleping and nofspherical particles. Significant
discrepancy has been found for the spesifidace area, likely due to the different scale of observation
between the two methods (molecular scale for BET, ~100 nm for the microstructure characterization). Indeed,
specific surface area exhibits a fractal behavior as the surface appears rouiger anhage resolution.

Image resolution sensitivity analysis has been performed to extrapolate the surface area-ogra nezel

size, which allowed to reduce the difference between the two methods. Although, a higher image resolution
(FIB-SEM at nanmeter voxel size) would be required to improve the extrapolation and to potenaadly

the experimental measure.

Tomographies performed on the XFC graphite were noisier for certain samples compared with the A12
graphite and the NMC, thus increasing #egmentation errdfurther the CBD was patrtially visible on some
XFC samples, making the segmentation process diffieult. To estimate the error induced by such
uncertainty, a comprehensive sensitivity error has been performed for volume frasimfic surface area,
particle size, and tortuosity factor (the four microstructure parameters typically used irdhmacgenous
electrochemical models) with the segmentation. It has revealed tortuosity factor is particularly impacted by the
segmentatiorrror, especially for the low porous graphitesufficient field of viewi due to larger graphite
particles compared with the A12 graphiitave prevented determining the size of the Representative Volume
Element (RVE) for most of the XFC samples. A®asequence, additional tomographies will be repeated to
confirm current findings. In the lorAgrm, it may be required to move from a thresHmde segmentation
method to a more advanced technique (eventually based on machine learning, as suggeastedsal ¢hjs

year). Lastly, an experimental observation of the CBD is still required to validate the CBD generation

algorithm.
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